P
attern recognition receptors play an important role in the orchestration of an immune response by recognition of pathogen-associated molecular pattern(s) (1) . Pathogenassociated molecular patterns include carbohydrates, lipids, nucleic acids, and proteins (1) . ␤-Glucans, a major carbohydrate component of fungal cell walls (also found in plants and some bacteria) (2) , are known to activate leukocytes, stimulating phagocytic activity and the production of reactive oxygen intermediates and inflammatory mediators, such as TNF-␣ (3, 4) . Because the binding of live fungi such as Candida albicans is complicated by the presence of alternative receptors and fungal adhesins (5), zymosan, a crude ␤-glucan-rich cell wall extract of Saccharomyces cereviciae (6) , is often used as a model fungal particle. Zymosan is also used to study the proinflammatory responses of leukocytes and is now known to interact with these cells via the nonopsonic receptor, dectin-1 (7, 8) .
Dectin-1 is a type II membrane receptor that has a C-terminal, C-type lectin-like domain, separated from the cell membrane by a short stalk region, and an intracellular domain containing an immunoreceptor tyrosine-based activation-like motif (9) . It is a major receptor for the recognition of soluble and particulate ␤-glucans (8). After particle recognition, the receptor is able to mediate phagocytosis, induce an oxidative burst via Syk kinase, and stimulate TNF-␣ production in collaboration with TLR2 (7, 10 -12) . In mice, dectin-1 is expressed by monocytes, macrophages (M), 4 neutrophils, dendritic cells (DC), and a subset of T cells (13) . It is regulated by different immune stimuli; GM-CSF and IL-4 up-regulate surface expression, whereas IL-10 and LPS down-regulate the expression (14) . Murine dectin-1 has been suggested to have an alternative splice form that lacks the stalk region (15) .
In humans, eight isoforms of the homologue of dectin-1 have been described (16) . The most common isoforms, BGR-A and BGR-B (␤-glucan receptor/dectin-1), represent full-length and stalkless isoforms, respectively, and both mediate the recognition of yeast particles in a ␤-glucan-dependent manner (16) . The human homologue is expressed by cells similar to those in the mouse as well as by peripheral B cells and eosinophils (17) . Human dectin-1 undergoes cell-specific isoform expression during monocyte maturation. Monocytes express both BGR-A and BGR-B, but during maturation to M, the expression levels of BGR-A decrease with time. Immature DC express high levels of both isoforms; however, DC lose the expression of both isoforms when matured with LPS (17) .
In this paper we have characterized two isoforms in mice that are identical in structure and function to the two most common human isoforms, suggesting conservation of gene function between the species. The two isoforms exhibited differences in their ability to recognize zymosan and to induce cellular responses upon zymosan recognition. These results are the first evidence that dectin-1 isoforms are functionally different and indicate that differential isoform usage in mouse and human cells may represent a mechanism of regulating cellular responses to ␤-glucans. It also suggests that differences in the regulation of isoform usage may influence the inflammatory response to fungal pathogens.
Materials and Methods

Primary macrophage cultures
Mice used in this study (C57BL/6, B10.BR, C3H/HeN, CBA/Ca, 129/ SvEv, and BALB/c) were bred within our own institutional colonies, sex matched, and between 8 and 12 wk of age at the time of study. Animals were kept and handled in accordance with institutional guidelines. Thioglycolate-elicited peritoneal M were isolated 5 days after i.p. injection of 1 ml of 4% (w/v) Brewer's thioglycolate medium (BD Biosciences). Primary M were cultured overnight in OptiMEM-I (Invitrogen Life Technologies) with 50 IU/ml penicillin, 50 ml/ml streptomycin, and 2 mM L-glutamine (OptiMEM medium) at 37°C in 5% CO 2 .
Cell lines and growth conditions
All cell lines were obtained from the cell bank of the Sir William Dunn School of Pathology. NIH-3T3 fibroblasts and the HEK293T-based Phoenix ecotropic retroviral packaging cell line (a gift from Dr. G. Nolan, Stanford University, Stanford, CA) were maintained in DMEM (Invitrogen Life Technologies) supplemented with 10% heat-inactivated FCS, 100 IU/ml penicillin, 0.1 mg/ml streptomycin, and 2 mM L-glutamine. RAW264.7 cells were grown in RPMI 1640 medium (Invitrogen Life Technologies) supplemented as described above. All cell lines were grown at 37°C in 5% CO 2 . BGR-A and BGR-B NIH-3T3 cells were generated and maintained as described by Willment et al. (16) .
Cloning, sequencing, and generation of stable cell lines
All routine nucleic acid manipulation techniques were performed essentially as described by Sambrook et al. (18) . RNA was isolated from resident or thioglycolate-elicited peritoneal M of different mouse strains using the RNeasy spin protocol (Qiagen). cDNA synthesis was performed using an Advantage RT-PCR kit (BD Biosciences) with oligo(dT) primers (SigmaAldrich) as described by the manufacturer. Dectin-1 isoforms were amplified by PCR from the cDNA using the following 5Ј and 3Ј primers, respectively: 5Ј-ACCGGATCCCAAGTGCTCTGCCTACCTAG-3Ј and 5Ј-AGGGGATCCCACCATCTTTATATTCTCACATAC-3Ј. The following primers were used to generate hemagglutinin (HA)-tagged versions of the isoforms: 5Ј-AAGGAATTCACGCATAATCGGGGACATCGTAT GGGTACAGTTCCTTCTCACAGATAC and 5Ј-AAGGAATTCCACCA TGAAATATCACTCTCATATAG-3Ј. PCR products were separated by electrophoresis on a 1% (w/v) agarose gel and purified by means of a QIAquick Gel Extraction kit (Qiagen). The isoforms were cloned into pCR3.1 vector (Invitrogen Life Technologies) and sequenced by the Sir William Dunn School of Pathology sequencing service.
Stable cell lines were made by subcloning into the retroviral vector pFB(neo) (Stratagene) and were transfected into Phoenix ecotropic packaging cells using FuGene 6 (Roche). Retroviral supernatants were collected after 48 h and used to transduce NIH-3T3 or RAW264.7 cell lines in the presence of 5 g/ml polybrene (Sigma-Aldrich) as previously described (7, 14, 19, 20) . RAW264.7 cells were pretreated with 0.2 g/ml tunicamycin (Sigma-Aldrich) to increase transduction efficiency. Stable cell lines were selected and maintained in 0.6 mg/ml geneticin (Sigma-Aldrich).
Flow cytometry assays
For FACS assays 2.5 ϫ 10 5 cells/well were cultured overnight in 24-well tissue culture plates. Cells were cooled to 4°C and incubated in a blocking buffer (5% heat-inactivated rabbit serum, 0.5% BSA, 5 mM EDTA, and 2 mM NaN 3 ) for 30 min at 4°C; rabbit serum was omitted from the blocking buffer when the 2.4G2 mAb was used for detection of Fc␥RII/III. Cells were incubated with primary Abs for 1 h at 4°C in blocking buffer and washed three times with a washing buffer containing 0.5% BSA, 5 mM EDTA, and 2 mM NaN 3 . Secondary Ab was incubated with the cells for 1 h at 4°C in blocking buffer, and the cells were washed three times as described above. Cells were detached by scraping in washing buffer, fixed in 1% formaldehyde, and analyzed on a FACScan using CellQuest software. The primary Abs used in this study were 2A11 (rat IgG2b anti-mouse dectin-1 mAb) (8); GE2 (mouse IgG1 anti-human dectin-1 mAb (17); 5D3 (rat IgG2a anti-mannose receptor mAb (21)); 5C6 (rat IgG2b anti-CD11b mAb) (22); 2.4G2 (rat IgG2b anti-Fc␥RII/III mAb; BD PharMingen); rat IgG2a, rat IgG2b, and mouse IgG1 isotype controls with irrelevant specificity (produced in-house); and biotinylated rat IgG1 isotype control (BD Pharmingen).
Alexa 488-labeled goat anti-rat IgG (Molecular Probes) or Alexa 488-labeled anti-mouse IgG (Molecular Probes) were used as secondary Abs to detect unlabeled primary Abs.
C. albicans culture and labeling C. albicans 5c5314 strain was cultured in 50 ml of Sabouraud's dextrose broth (Difco Laboratories) in a shaking culture for 16 h at 37°C. C. albicans was fluorescently labeled with Rhodamine Green X (Molecular Probes) for 1 h at room temperature. C. albicans binding assays where performed as described below.
Binding and TNF-␣ assays
Cells were plated at 2.5 ϫ 10 5 cells/well in 24-well plates in the appropriate medium and cultured for 12 h. Cells were cooled to 4°C and washed three times with prechilled PBS. To block dectin-1, 100 g/ml glucan phosphate in medium was added for 30 min at 4°C before adding FITClabeled zymosan (Molecular Probes). Zymosan was added at a M:particle ratio of 1:20 and was incubated for 1 h at 4°C or for 30 min at 37°C. After incubation, unbound particles were removed by washing four times with prechilled PBS. The cells in complete medium were incubated for an additional 3 h at 37°C in 5% CO 2 , after which samples of supernatant were taken for TNF-␣ measurements. The amount of FITC-zymosan associated with the cells was quantified after lysis with 3% (w/v) Triton X-100 solution (pH 8) using a Fluoroscan II fluorometer (Titer-Tek) at an excitation: emission ratio of 485:538 nm.
TNF-␣ was measured using the OptEIA murine TNF-␣ ELISA kit (BD Biosciences) as described by the manufacturer. All experiments were repeated at least three times. All data are presented as the mean Ϯ SEM from a representative or pooled experiments. Statistics were calculated using GraphPad PRISM (version 4). One-way ANOVA with Bonferroni multiple comparison test was applied unless stated differently. To ensure that differences in cell plating did not contribute to differences in results, the number of cells plated in parallel wells was determined by incubation with CFSE from Molecular Probes using the Fluoroskan II fluorometer (data not shown).
Results
Differences in zymosan association and dectin-1 expression between BALB/c and C57BL/6 elicited peritoneal M
While studying the function of dectin-1 in thioglycolate-elicited peritoneal M from BALB/c and C57BL/6 mouse strains, we found significant differences in their zymosan recognition. The recognition assays were performed at 4 and 37°C. At 4°C, BALB/c M bound zymosan significantly better than C57BL/6 M (Fig.  1A) ; however, at 37°C, C57BL/6 M recognition was significantly greater than that by BALB/c M. Similar results where obtained with cultured resident peritoneal M (data not shown). To block dectin-1 specifically, we added soluble glucans such as glucan phosphate (Fig. 1A) or laminarin (data not shown) (8, 13, 19) ; this significantly reduced the recognition of zymosan by macrophages isolated from both strains, indicating that dectin-1 was the main receptor involved.
We examined the cell surface expression levels of a number of phagocytic receptors previously thought to play a role in zymosan recognition (23, 24) , to understand these differences in zymosan recognition (Fig. 1B) . Although complement receptor 3, mannose receptor, and Fc␥RII/III were expressed at similar levels on M from both mouse strains, dectin-1 levels were found to be significantly higher (Ͼ5-fold) on C57BL/6 vs BALB/c M. Although these results could explain the better association of zymosan with C57BL/6 M at 37°C, it did not account for the lower zymosan binding of these cells observed at 4°C, suggesting that other, more fundamental, differences in dectin-1 may exist between the two mouse strains.
Dectin-1 isoforms
To investigate this phenomenon, we performed RT-PCR analysis on RNA isolated from M of several different mouse strains ( Fig. 2A ). All strains showed two different transcripts, one of the fulllength dectin-1 at 813 kb (dectin-1A) and a second at 696 kb (dectin-1B). Interestingly, there seemed to be differences in the levels of the various transcripts among the different mouse strains. The mouse strains could be divided into two groups: 1) C3H/HeH, CBA/ca, and BALB/c, which had similar levels of both transcripts, and 2) C57BL/6, 129/SvEv, and B10.BR, which predominantly expressed the smaller isoform. The RAW264.7 macrophage cell line was produced from BAB-14 mice, a congenic strain with C57BL/ka-derived IgCH on a BALB/c background (25) ; this cell line was found to express both isoforms at the transcript level, but is known to express only low levels of protein on the cell surface (7, 16) .
To determine the nature of the various transcripts, we cloned both isoforms from BALB/c cDNA. Dectin-1A corresponded to the full-length dectin-1 described previously (8) , whereas dectin-1B lacked the 39 aa from the stalk region encoded by exon 3 (Fig. 2B) .
Zymosan recognition by dectin-1 isoforms expressed in NIH-3T3 fibroblasts
As mentioned above, zymosan is commonly used to study the proinflammatory response, and it exhibits high specificity for dectin-1 (7, 8) . We used zymosan for both cell binding and stimulation assays. To determine the expression and function of the different isoforms, we generated NIH-3T3 fibroblast transductants expressing these constructs. Flow cytometric analysis demonstrated that both isoforms were expressed on the surface of NIH-3T3 cells at similar levels (Fig. 3A) . We next compared the abilities of the transductants to recognize zymosan at different temperatures (Fig.  3B) . Although there was similar zymosan association of the two isoforms at 37°C, dectin-1A bound more zymosan than dectin-1B at lower temperatures. Indeed, there was an obvious correlation between temperature and zymosan binding for dectin-1B. In all experiments the addition of the soluble glucans, glucan phosphate ( Fig. 3B ) and laminarin (data not shown), reduced binding to background levels, confirming the glucan specificity of the interaction. These data show that the lack of a stalk region in dectin-1 significantly reduces binding efficiency at 4, 25, and 30°C, an effect that is overcome at 37°C.
Zymosan association and TNF-␣ production by RAW264.7 M overexpressing the dectin-1 isoforms
Dectin-1 is known to induce TNF-␣ production upon zymosan recognition (7, 10) . To assess whether both isoforms were able to produce a cellular response upon zymosan recognition, we stably transduced RAW264.7 M with dectin-1A and dectin-1B. Although this cell line expresses the transcripts for both isoforms ( Fig. 2A) , dectin-1 protein is only found at low levels on the cell surface (7) . FACS analysis showed that dectin-1B was expressed at higher levels than dectin-1A (Fig. 4A, left panel) . To ensure that our results were not affected by this difference in expression, we generated a second set of transduced cell lines expressing human influenza virus HA-tagged isoforms. In contrast to the cells expressing the untagged receptors, these cells were found to express the dectin-1A-HA isoform at higher levels than the dectin-1B-HA using both the 2A11 mAb (Fig. 4A) and an anti-HA mAb (not shown).
We then examined the ability of these transductants to recognize and respond to zymosan (Fig. 4B) . At 4°C, RAW264.7 cells transduced with dectin-1A isoforms showed better binding than cells transduced with the dectin-1B isoforms (data not shown), consistent with the data obtained in NIH-3T3 cells. The differences between the abilities of the two isoforms to recognize zymosan at 4 and 37°C was also observed when live C. albicans was used in binding assays (Fig. 4D) . At 37°C, the relative amount of zymosan binding by the various isoforms was approximately dependent on the level of receptor expression. However, compared with the amount of zymosan bound, the dectin-1B isoform always induced higher levels of TNF-␣ in both cell lines. This is clearly demonstrated by expressing the TNF-␣ as at ratio of the amount of zymosan association (Fig. 4C) . Thus, these data show that the presence or the absence of the stalk of dectin-1 influences the cellular response to zymosan.
Temperature dependency of zymosan recognition by human dectin-1 isoforms
Because humans express equivalent dectin-1 isoforms (16, 17), we determined whether they exhibited similar functional characteristics. Although BGR-A and BGR-B were expressed at different levels in stably transduced NIH-3T3 cells (Fig. 5A) , the recognition of zymosan by the stalkless isoform of human dectin-1 (BGR-B), but not the full-length BGR-A, was temperature dependent (Fig. 5B) . The short isoforms of both mice and humans exhibited ϳ10-fold greater recognition at 37°C compared with that at 4°C (see Figs. 3B and 5B), whereas recognition by the full-length dectin-1 was similar at both temperatures. To compare the mouse and human isoforms directly, we assessed the binding of each isoform at 4 and 37°C as a ratio (Fig. 5C ). These data confirm a role for the stalk region in binding efficiency and show that the human isoforms behave like the mouse isoforms.
Discussion
We observed that M from different mouse strains exhibited differences in their ability to bind zymosan, and RT-PCR analysis identified differential expression of two dectin-1 transcripts. These transcripts correspond to two isoforms of dectin-1, a full-length dectin-1A that contains a C-type lectin-like domain, a short stalk region, a transmembrane region, and a cytoplasmic immunoreceptor tyrosine-based activation-like motif, as previously described (8); and a stalkless dectin-1B isoform, which results from omission of exon 3 of six exons. BALB/c, C3H/HeH, and CBA/ca mice expressed transcripts for both isoforms in equal amounts, whereas C57BL/6, 129/SvEv, and B10.BR expressed predominantly the smaller transcript. The BALB/c-containing group of mice are more closely related (26) , suggesting that isoform usage in mice is genetically determined. Binding studies showed that both isoforms are equally efficient in recognizing zymosan at 37°C; however, the ability to recognize zymosan at 4°C is greatly compromised in dectin-1B (Fig. 3B ). This finding explains the differences in zymosan recognition between BALB/c and C57BL/6 primary M. At 37°C, C57BL/6 mice recognize zymosan slightly better than BALB/c M, which can be explained by their higher surface expression of dectin-1 (Fig. 1B) . The significantly reduced recognition of zymosan by C57BL/6 M at 4°C can be explained by their predominant expression of dectin-1B. This suggests that the dectin-1 isoform expressed by M may influence their ability to interact with fungal particles.
Binding at 4°C is commonly used to study receptor binding efficiency. However, we have demonstrated that the cell-bound stalkless dectin-1B (both human and murine) is less efficient in recognition of this particulate ligand at 4°C than at 37°C, whereas full-length dectin-1A does not exhibit temperature-dependent recognition of zymosan. The temperature of 4°C is not physiological; it is known to change membrane viscosity, interfering with membrane fluidity (27) , and may be a factor that influences the efficiency of zymosan recognition by dectin-1B. Recently, Gantner et al. (28) suggested that C57BL/6 M do not use dectin-1 to recognize C. albicans at 4°C and that other receptors may be involved in the initial binding. Our data show that the 4°C assay does not give an accurate measure of the contribution of dectin-1 to yeast recognition when dectin-1B is the predominant isoform, as it is in C57BL/6. Indeed, we have found that dectin-1 is involved in the recognition of C. albicans by C57BL/6 M at 37°C (S. E. M. Heinsbroek, manuscript in preparation). Human M, which express mainly BGR-B, also have poor recognition of C. albicans or zymosan at 4°C (our unpublished observations), but exhibit dectin-1 dependency for recognition and response at 37°C (17) .
We show in this study that although both isoforms are able to induce TNF-␣ production upon zymosan recognition, dectin-1B-expressing cells produce significantly more TNF-␣ (Fig. 4) . This suggests that TNF-␣ induction is influenced by dectin-1 structure. Although the mechanism behind this effect is unclear, C-type lectins related to dectin-1 are often able to form dimers through their stalk region (29) , and it is possible that the increased proinflammatory signaling may relate to the ability of this receptor to form multimers. However, this effect may also be the result of differing interactions with other molecules, such as TLR2 (7, 10) and CD63 (30) , which are known to interact with dectin-1. Interestingly, although BALB/c and C57BL/6 mice are both C. albicans-resistant strains, they show a substantial difference in the production of defensins, chemokines, and cytokines upon gastric candidiasis (31) , which may reflect the differential isoform usage in these strains. We have also found that the dectin-1-coding sequence differs between BALB/c and C57BL/6 by three single nucleotide polymorphisms, which result in the amino acid substitutions R37Q, S73P, and V165A (from BALB/c to C57BL/6). Preliminary data, however, suggest that these single nucleotide polymorphisms do not interfere with zymosan recognition (data not shown).
The discovery of different functional outcomes after ligation of the murine dectin-1 isoforms has relevance for the human receptor, which is alternatively spliced into similar isoforms that possess the same temperature-dependent binding properties. Because the expression of these isoforms is cell and activation specific (17) , it is likely that regulation of isoform usage represents a mechanism of control that is important for the function of dectin-1 in the immune system.
